A key metabolic role can be ascribed to methionine on the basis of many demonstrable biochemical functions, even though these reactions have not all been proven to exist within one organism. Methionine is a constituent of proteins, (although there are instances in which it is reported absent (3) ) ; it also is a source of methyl groups for a number of cellular components, undoubtedly through the intermediate, S-adenosylmethionine, the actual methyl donor (9) . Of the many transmethylations that are known a few seem to be more directly linked than others to plant cell division. The incorporation of the methyl group into lignin (6, 7) and into pectin (21, 25, 26) indicates a need for methionine in cell wall formation. There is also evidence from work with animals that the methyl group can be used to a limited degree for purine and pyrimidine synthesis (16, 17) . In microorganisms such a use has not been found (13) . although S-adenosylmethionine can act as methyl donor to several non-naturally occurring purines (23) . In plants, transmethylation from methionine is known to occur during the synthesis of several plant alkaloids (4, 5, 8, 12, 33) which as a chemical class show many resemblances to the purines and pyrimidines, but a specific connection between these reactions and plant nucleic acid synthesis is unknown. Other sulfurcontaining metabolites, notably sulfhydryl compounds, are recognized as playing a significant, although speculative (34, 35) role in the division of cells in general; recently data have been presented which show sulfur to be necessary for cells of Chlorella ellipsoidea to divide (14, 15) . Similar evidence for methionine, however, is sparse.
The idea that methionine may be intimately associatedc with division, stems from the observation that selenomethionine, a structural, competitive analogue of methionine, will prevent cells of Chlorella vulgaris fronldividing but will allow them to maintain other cellular activities that lead to growth into giant cells (31) . Analysis of these giant cells has revealed that there are increases in the rate of respiration, dry weight, and protein, and that the newly formed proteins lack methionine but contain other sulfur amino acids derived from sulfate (32 Table I lists the analogues that were tested, and figures 1 to 4 illustrate the growth responses to each analogue. Ethionine and methionine sulfoximine caused marked growth inhibitions, whereas the other four analogues were relatively non-inhibitory. Uncoupling of growth from division was not observed.
The effect of ethionine was evident at as low a concentration as 2 X 10-6 M ( fig 1) . The immediate consequence was a failure of the cells either to grow or divide; with progressive increments in the concentration, the duration of this phase was correspondingly prolonged. A second phase could be recognized during which the rate of division increased steadily to a maximum exponential rate which, however, was lower than that of the control culture.
It A second feasible explanation for the renewed divisions, a non-cellular, spontaneous decomposition of the analogue under the experimental growth conditions of long duration, was checked by incubation for 239 hours before inoculation, of medium that contained 1 X 10-4 M ethionine. This level ordinarily resulted in a lag that lasted about 150 hours. Pretreatment reduced the lag to about 75 hours (fig 1) . Some change, therefore, must have occurred in the medium to reduce the toxicity of the ethionine. The simultaneous existence or development of a cellular detoxification mechanism is not excluded, however, since in vivo transformation of ethionine by yeast (29) and in vitro transethylation by yeast enzymes (22) are known.
The growth responses to graded levels of methionine sulfoximine (fig 2) have been due to alterations in the medium was investigated. Preincubation for 119 hours, of medium that contained 3 X 10-5 M of the compound, indeed resulted in a changed medium (fig 2) , but the rate of growth was inexplicably much higher than that in a culture of comparable age that had been inoculated at the very outset.
Effects by other analogues were apparent but only at the relatively high concentrations of 10-3 to 10-2 M. -Methoxinine and norleucine (fig 3) had no influence on the initial lags and exponential rates, but growth in these cultures began to decelerate sooner than the controls. Chlorosis developed and was most severe in the presence of methoxinine. Slight increases in the lag phase were caused by methionine sulfoxide and norvaline; the latter depressed the growth rate slightly (fig 4) .
Ethionine and methionine sulfoximine appear to have entered the cells readily, to judge from the patterns of growth inhibition; the development of chlorotic cells in the presence of methoxinine and norleucine is indicative of their absorption, even though the latter is unavailable as a nitrogen source for this species (2). S35-methionine sulfoxide has been shown to penetrate Chlorella pyrenoidosa and its radioactivity to spread into other soluble compounds and into proteins in small amounts, but it was unable to serve as a sulfur source for growth (27) . This compound will also enter oat tissues and yield its methyl group to form pectin, protopectin, and S-methyl methionine (26) , but the extent of its penetration into Chlorella vulgaris is unknown. Without more specific absorption and biochemical data it is difficult to assess the failure of the six analogues to uncouple growth from division. The results do, however, emphasize the biological specificity of selenomethionine, which structure, only slightly changed from that of methionine, is nevertheless able to profoundly disrupt one major cellular process, division, without a comparable effect upon cell growth.
INFLUENCE OF SELENOMETHIONINE ON GROWTH OF OTHER ORGANISMS: Uncoupling of growth from division was not observed. Of the four microorganisms studied, Chlamydomonas reinhardi was the most sensitive and showed an increase in lag in the concentration range 5 x 10-7 to 1 X 10-5 M. At higher concentrations growth was completely inhibited during the incubation period of the experiments ( fig 5) . Cultures that resumed exponential divisions appeared to be normal insofar as could be judged from their green appearance. At the two highest concentrations of selenomethionine that permitted exponential divisions, 1 X 10-6 and 1 x 10-5 M, calculations show that the number of resistant cells in the inoculum of 3.0 X 105 cells/ml would have been 18,950 and 4,780, respectively. As with ethionine, there seems to be a graded series of resistants. These data do Influence of selenomethionine on the growth of four microorganisms. .  FIG. 6 (right) . Escherichia coli and Torulopsis utilis.
FIG. 5 (left). Chlamydomonas reinhardi and Chlorella pyrenoidosa
PLANT PHYSIOLOGY not rule out, of course, the existence of mutants at higher concentrations comparable to those frequently used in studies designed to select mutants resistant to a variety of other chemicals. The resumption of growth as a result of a spontaneous decomposition was also checked. The preincubation tests showed no change in the biological activity of the selenomethionine. There remain the two possibilities that the inoculum cells either destroyed the amino acid analogue via an existing detoxification mechanism, or that they were induce(d to develop a mechanism enabling them to cope with the substance.
The other algal species studied, Chlorella pyrenioi(dosa, first responded to selenomethionine at the relatively high concentration of 1 X 10-3 M (fig 5) . The exponential rate of division, after a lag of approximately 59 hours, was equal to that of the control; the cultures appeared to be a normal green. The calculated number of mutants, had this growth solely been due to their presence in the inoculum, would be 8,500 in an inoculum of 3.0 X 105 cells/ml.
The character of growth inhibition in Escherichia coli andl in Torulopsis utilis differed from that observed with the algae. The effect was on the rate of growth rather than on the lag phase (fig 6) . At the higher concentrations, cultures of E. coli exhibited a decline in optical density for the first hour or two before the onset of exponential growth. The significance of this early (lip is unknown. Microscopic examination failed to reveal uncommonly large cells in the yeast cultures, or the filamentous forms of E. coli that are observed after treatment with other growth uncoupling agents.
For only two of the microorganisms tested is there some biochemical dlata on which to base a comparison with Chlorella vulgaris. In cultures of a methioninerequiring mutant of Eschericliia coli the analogue has been shown to substitute entirely for methionine and to support growth and division at a slightly reduced exponential rate through at least 100 generations (10, 11) . In Chlorella pyrenoidosa, the failure of selenomethionine to exert an effect, at concentrations that act markedly on Chlorella vulgaris, can be attributed to another mechanism. Since methionine itself is but negligibly incorporated into the pyrenoidosa proteins and, in contrast to its utilization by C. vulgaris, will not serve as a sulfur source for growth (27, 28) , a parallel situation may hold for selenomethionine. With respect to the biochemical locus at which selenomethionine inhibits dlivision in C. vulgaris, interference in cell wall formation does not appear likely for the following reasons. The occurrence of pectins in algae that lack a middle lamella is uncertain, especially in view of recent analyses which failed to detect uronic acids in the cell wall of Chlorella pyrenoidosa (19) . Moreover, the analogue, rather than inhibiting transmethylation from methionine, which in higher plants participates in the synthesis of middle lamella components (6, 7, 24, 27, 28) , actually performs as a substrate in rabbit liver and yeast transmethylation enzyme preparations (18) . Uncoupling in Chlorella vulgaris is more probably caused by a synthesis of altered proteins that lack methionine, in spite of which the cells show striking increases in a number of cellular activities (32) . Undoubtedly some of the altered proteins continue to function and lead to the observed growth into giant cells. As precedent for such an interpretation one can cite experiments in which isolated bacterial amylase, containing ethionine, maintained its full activitv (37) , and particularly the experiments in which a methionine-requiring mutant of Escherichia coli used selenomethionine for 100 generations of growth and division (10, 11) . Although uncoupled growth in Chloriella vlulgaris seems to be accomplished by altered enzymes. the fact that division is prevented suggests that the integrity of other proteins, necessary for the division mechanism, must be maintained. Inasmuch as selenomethionine differs from methionine only by the substitution of the sulfur atom, it may be inferred that this integrity requires the methionine sulfur atom.
SUMMARY
The ability to uncouple growth from division in cells of Chlorella vuilgaris, a property of selenomethionine, was tested with six other methionine analogues. None were capable of this type of biological specificity. Ethionine and methionine sulfoximine differed in their patterns of growth inhibition but never completely prevented growth. Preincubation of media that contained these analogues markedly reduced their toxicity. Norvaline, methionine sulfoxide, norleucine. and methoxinine caused slight inhibition and only at relatively high concentrations. These last two analogues gave rise to chlorotic cells.
The growth response of four other microorganisms to selenomethionine was also studied, but uncoupling was not detected. Chlamydomionas reinhardi and Chlorella pyrenoidosa did, however, show increases in lag as the concentration of the selenium analogue was raised. The rate of growth of Escherichia coli was slowed, and high concentrations caused a decrease in optical density before the onset of exponential growth. The effect on Tortilopsis utilis was primarily a decline in the growth rate.
The specific uncoupling action of selenomethionine on cells of Chlorella vulgaris is discussed in terms of the known biochemical properties of the analogue. It is proposed that two classes of cellular proteins exist: one involved in growth of the cell and in which methionine may be replaced by selenomethionine; the other more directly concerned with the division mechanism and whose proteins must retain their integrity insofar as replacement of methionine by selenomethionine is concerned. 
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